In response to customer complaints about sewer odor, Orange County Sanitation District (OCSD), California launched a project to investigate the ventilation requirements of existing sewer siphons, to verify adequacy of existing air jumper operation, and determine the need for new air jumpers or additional air jumper capacity. The challenge was assessing sewer siphon air jumper adequacy without clear industry standards or guidance for comparison and to then develop air jumper sizing guidelines and recommendations for retrofit replacement or addition of air jumpers at 17 of the existing 87 OCSD sewer siphon locations.
maintained by OCSD includes 475 miles of interceptor and trunk sewer lines. The local collection sewers are owned and maintained by the member agencies.
The OCSD system also includes 17 pump stations and two regional wastewater treatment plants treating a total average daily flow of 243 million gallons per day (mgd).
The regional OCSD sewer transmission system includes 87 sewer siphons. These inverted sewer siphons range in size from 15 to 60 inches in diameter and typically cross under large storm drain box culverts within heavily congested, multi-lane boulevard intersections in Orange County, California.
OCSD is very sensitive to odor complaints from the public. It is OCSD's goal to eliminate all sources of OCSD sewer system related odor complaints. OCSD has maintained a Geographical Information System (GIS) tracking of the location of all odor complaints. It was determined that there are a number of odor complaint "hotspots" in the vicinity of many of the siphons, despite a very pro-active siphon cleaning and maintenance program. OCSD prioritized the odor complaint hotspots in the vicinity of siphons and then moved forward with this project to investigate the adequacy of air jumpers for the siphons with the most odor complaints. The need for air jumpers and how to adequately size the air jumpers for each of these odor hotspot locations is the subject of this paper.
In the past, the OCSD's primary method of sewer siphon odor control has been to provide a "siphon vent" or "air jumper" and to seal manholes in the vicinity of sewer siphons. Of the 17 siphons reviewed in this project, six siphons do not have an air jumper, due possibly to oversight or to physical limitations accepted in the original project designs. It was suspected, and confirmed, that for most of the siphons possessing air jumpers, the existing air jumpers were not adequately sized to avoid upstream sewer headspace pressurization and release of malodorous air. This is partially evidenced by the chronic odor complaints for these siphon areas. The escaping airflow rate, intensity of odor, and location of escape are transitory and very difficult to determine or control. This often results in a public nuisance in the form of unpleasant odors.
Currently, OCSD utilizes odor control mitigation through sealing upstream and downstream manholes near the siphons, which drives the release of malodorous air to some other typically unknown location. Figure 1 shows a typical OCSD sewer siphon, "Siphon 70." This particular siphon has a 27-inch diameter open channel flow gravity sewer approaching the sewer siphon inlet box on the righthand side of Figure 1 . The space between the water surface in the approach or exit sewer and the top of the pipe (crown) is defined herein as "headspace" or "headspace air." As is typical for the sewer siphons in OCSD, a "depressed sewer", "inverted siphon", or "siphon", equal in diameter, or slightly smaller, to the inlet sewer, is then routed down and under the intervening obstacle, which is a triple box culvert storm drain in this case. The siphon then rises to the siphon outlet box at the left-hand side of Figure 1 . The siphon runs full between the siphon inlet and outlet boxes and returns to open channel flow as it continues downstream from the siphon outlet structure.
Typical OCSD Sewer Siphon
The headspace air at the studied siphon locations has hydrogen sulfide concentrations in the range from 10 to 600 parts per million (ppm) and as a result is quite odorous. The headspace air typically flows downstream in the same direction as the wastewater, until it reaches a headspace obstruction, such as siphon. Headspace air cannot pass through a siphon because the hydraulic grade line is higher than the siphon pipe causing the siphon to flow full and thereby not allowing the passage of the headspace air.
As a result of the headspace blockage, the upstream sewer headspace air will pressurize sufficiently to cause an upstream release of odorous headspace air through the path of least resistance. Odorous air outlets may include pick holes in manhole covers, plumbing vents in houses and businesses, and compromised sewer joints. It is this discharge of odorous air to which the public objects.
If all headspace obstructions could be removed, then ultimately in the OCSD system the headspace air would be transported to mechanically ventilated headworks areas at one of the OCSD pump stations or at the two regional wastewater treatment plants, where the air would pass through odor scrubbers before release.
Typically, the headspace air of the downstream siphon outlet structure is under a slight vacuum caused by movement of headspace air away from the outlet box.
In the case of Figure 1 , there is an existing 8-inch diameter air jumper connecting the siphon inlet and outlet boxes well above the hydraulic grade line of the inlet and outlet gravity sewers. As a result of the field observations and air jumper design guidelines established in this project, the existing 8-inch diameter siphon air jumper shown in Figure 1 will be removed and replaced with a new larger 24-inch diameter air jumper. 
Office Research and Literature Review
Office evaluation of the as-built construction drawings and field data for each of the 17 subject inverted sewer siphons was conducted together with Geographic Information System (GIS) based aerial photographs and wastewater collection system characteristics.
Air Jumper
Design. An extensive literature search for sewer siphon air jumper design was conducted. There was very little information available regarding sewer siphon design, and even less available regarding siphon air jumper design. Although the importance of maintaining sewer ventilation was followed back to medieval times in London, only a couple references were found recommending a method of air jumper sizing. Those recommendations were based on "rules of thumb" and empirical criteria not dependent on or adjusted to site specific conditions.
Based on the research and practical experience, there is a net movement of sewer atmosphere along the headspace of a sewer. The quantity and velocity of the air flow, which determines the magnitude of required ventilation, is controlled by several factors, including: liquid drag; barometric pressure differences; temperature differential between sewer headspace and ambient outdoor temperature; wind eduction; and rise and fall of wastewater with diurnal flow pattern. Of these factors, liquid drag has been found to be the only consistent and dominant cause of air flow in sewers under conditions similar to those found at OCSD. Liquid drag causes a movement of the air in the headspace of the sewer in the same direction as the wastewater flow.
The most applicable literature regarding the dynamics of sewer atmosphere was found in references by Richard Corsi, et al, discussing the transport of volatile organic compounds (VOCs) in sewers. The references reported the concept of a Reduction Factor (RF), which is the measured ratio of the headspace airflow rate to wastewater flow rate ranging from near zero up to 0.8 at the air/water interface. The conclusions and points of note in the Corsi reference are as follows:
1. It was concluded that no single mechanism controls sewer ventilation under all situations, but environmental conditions, wastewater flow conditions, and physical characteristics of a collection system were identified as some mechanisms that contribute and control to varying degrees depending on in situ conditions at the time. 2. Given the complexity of most collection systems it is impossible to accurately calculate actual ventilation rates and gas flow patterns for any given system. For a specific sewer reach, release of an inert tracer can be used to estimate gas flow rates. 3. Liquid drag causes gas flow in the same direction as wastewater flow, and is the only ventilation mechanism that acts continuously. 4. Under conditions of low resistance to ambient air inflow and sewer gas exhaust, liquid drag can induce maximum gas mean velocities of up to 0. In comparison to Corsi, the headspace air velocity measured for OCSD ranged between 0.11 fps to 2.3 fps with an average field result of 0.55 fps for OCSD over 30 flow rate data points converted to headspace air velocity for the depth of flow at the time of the measurement.
For purposes of the OCSD air jumper sizing calculations, it was decided to evaluate field measured wastewater depth and flow rate and headspace air flow rates to calculate a field Reduction Factor for each studied siphon. Use of a reduction factor applied to headspace crosssectional area and wastewater flow rates allowed calculation of estimated headspace air flow rates.
In the literature, there was a limited discussion of sewer headspace vacuum and pressure having been measured in other odorous sewers, ranging from -0.10 inches of water (vacuum) to +0.25 inches of water (pressure). It was decided to also include field measurement of headspace pressure or vacuum at each of the subject siphon inlet and outlet structures.
Sewer Hydraulics. The theoretical relationships between sewer slope, Mannings "n" factor, actual depth of wastewater flow, and wastewater velocity were studied for open channel sewers. It was determined that the theoretical maximum cubic feet per minute (cfm) of foul air movement per headspace cross-sectional area in square feet multiplied by predicted wastewater velocity in feet per minute for any given slope sewer based on Mannings Equation occurs at a d/D = 0.3.
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Gravity sewers are designed to flow partially full; this type of flow regime is known as "open channel" flow. Gravity sewers are also typically designed for projected peak diurnal flow for a minimum velocity exceeding 2.2 feet per second at a flow depth (d) to sewer diameter (D) ratio (d/D) of 0.5 to 0.75, depending on sewer size. Maintaining a minimum wastewater velocity prevents deposition of suspended solids from the wastewater, and promotes entrainment of fresh air and oxygen into the wastewater.
Over a number of years and review of numerous wastewater collection systems, the authors have noted that sewers are often sized larger than optimum under present day conditions. To avoid sewer surcharging and spills, it is the nature of the sewer design process to be generous with unit flow factors per person or per connection and to be conservative with selection of peak to average ratios. Additionally, development does not always proceed to the ultimate density allowed by zoning, or the zoning may be changed to lesser density allowed. Some or all of these factors can lead to a sewer that is larger than necessary and a sewer that flows with less velocity than originally anticipated. This may result in excessive deposition of solids, increased potential for odor release, and a need for increased frequency of sewer cleaning and maintenance.
A well mixed and oxygenated wastewater remains aerobic and discourages anaerobic liquid phase hydrogen sulfide (H 2 S) generation. Due to typically conservative planning and hydraulic design, pipelines are often oversized and wastewater is often not conveyed at sufficient velocity or with sufficient oxygenation to maintain aerobic conditions, resulting in anaerobic generation of dissolved H 2 S. Hydraulic turbulence of wastewater rich in dissolved H 2 S results in release of H 2 S gas to the sewer atmosphere above the open channel flow in sewers. In contrast to open channel sewers, inverted sewer siphons are designed to flow full and under pressure as they pass under obstacles. Sewer siphon diameter is often reduced, compared to the upstream and downstream sewer, to maintain equal or greater velocity in the full-pipe sewer siphon versus the open channel sewer. Sewer siphons often include two or three parallel "barrels" with hydraulically stepped use to maintain higher wastewater velocity in each barrel. This increased wastewater velocity improves suspension and carry-through of settleable solids and grit, reducing the need for cleaning. This increased velocity, however, comes at the price of increased headloss, partially offsetting the original purpose of the siphon.
FIELD EVALUATIONS
The literature review confirmed the proposed field data collection approach for the OCSD Siphon Rehabilitation Project. The data collection from extensive field evaluations at the project's 17 inverted sewer siphon sites included:
• Ambient H 2 S air testing in the vicinity of the siphons was conducted using Odor Logger continuous monitoring, with measured H 2 S results ranging from 0.0 ppm to 0.7 ppm. Short-term human monitoring assisted by Nasal Ranger Olfactometer analysis was also conducted.
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• Physical inspections of the siphon inlet and outlet manholes; cleaning and CCTV inspection of air jumpers (if existing); and cleaning and sonar inspection of the inverted siphons were conducted.
• Wastewater flow was measured and recorded for a minimum 13-days for each siphon • Instantaneous wastewater dissolved hydrogen sulfide (H 2 S), dissolved oxygen (DO); temperature; and pH measurements were made and recorded. The pH of the sewer crown and manhole interior surface were measured
• Sewer headspace atmospheric H 2 S measurements were made over a minimum three day period, with H 2 S Odor Loggers suspended in manhole headspace. H 2 S concentrations as high as 500 parts per million (ppm) were detected • Airflow rates into, or out of, siphon inlet and outlet manholes were measured up to 600 cubic feet per minute (cfm)
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Air Jumper Sizing Procedure
Wastewater Flows and Velocities. Wastewater depth and velocity profile data were collected continuously for a two week period at each of the 17 siphon sites. From the depth and velocity profile data, wastewater flow rates were calculated through the siphon using the following equation: Where: n = coefficient of roughness in Manning's Equation a = area of cross section of water in channel p = wetted perimeter, square feet r = a/p = mean hydraulic radius s = H/l = average loss of head per foot H = loss of head due to friction in reach l = length of reach, feet
For similar sections, the value of the expression ar 2/3 = a 5/3 / p 2/3 varies as the eight-thirds power of corresponding linear dimensions. Equation 2 can therefore be written in the equivalent form to solve for flow rate or velocity at a given depth and slope.
K Q = (Equation 3)
Where: K = discharge factor of 1.486 d = maximum depth of water Manning's Friction Factor (n). The slope and diameter of the sewer upstream of the siphons was found on either the AS-BUILT drawings provided by OCSD or from the OCSD geographic information system (GIS) database. All of the AS-BUILT drawings except for two showed the original sewer design criteria on the plans. All design criteria had the same nomenclature including the coefficient of roughness, n; diameter, d; maximum depth of flow, D; mean velocity, v; and flow rate, Q.
A common assumption for sewer hydraulic calculations is to use the value of 0.013 for the roughness coefficient. The same roughness coefficient was used for the design criteria on every siphon included in this project, regardless of the type of pipe. Existing sewer pipe materials found include Vitrified Clay Pipe (VCP) and Polyvinyl Chloride/Plastic Lined Reinforced Concrete Pipe (PLRCP).
In reality, the roughness coefficient varies with pipe material. Some of the concrete pipe sewers were originally unlined. The unprotected concrete lining will deteriorate in the corrosive environment common to sanitary sewer. Lining concrete sewers therefore became necessary to extend the service life of the sewer system. Once a sewer becomes lined it changes the hydraulic properties of that sewer. For instance, after a concrete sewer is lined with PVC, it will flow at a higher velocity and a lower depth with the same flow rate. Age also changes the hydraulics of a sewer. When pipe is initially installed, it has a lower roughness coefficient than an older sewer which may have a roughened interior surface. Roughness coefficient sometimes varies with depth of flow. For the purpose of this study and for most sewer designs, the typical value of the roughness coefficient is considered constant as depth of flow changes and varies for different pipe materials. A roughness coefficient value of 0.013 is not suitable for all types of pipe materials. A roughness coefficient was calculated for the upstream sewer of each siphon in order to predict wastewater velocity in the pipe. The roughness coefficient was calibrated using the depth of flow and velocity measured in the field. Once a roughness coefficient was assigned for each siphon, the upstream sewer velocity can be predicted at any depth of flow using Equations 1 through 4. The velocity is used later to determine the Reduction Factor (RF), as discussed below.
In most cases the flow meters were installed just upstream of the siphons. When the flow meter was on the downstream side of the siphon and there appeared to be a downstream hydraulic control, the "n" value was not adjusted based on field data to match the flow depth. Instead, the Manning's Equation was used to match the measured flowrate and corresponding wastewater velocity with theoretical normal depth conditions.
Reduction Factor. The Reduction Factor (RF) is the ratio of the air velocity to the wastewater velocity. It is the proportionality constant between the wastewater velocity and the air velocity occurring at the boundary layer. Where: A air = the headspace area within the sewer pipe d = diameter of the pipe Wastewater Velocity. The wastewater flow rate, depth, and velocity were reported by MGD in the flow metering report. Because air flow rates were measured prior to installation of the wastewater flow meters, the wastewater velocity and flow rate used to determine the headspace area was approximated. Data taken at the same time of day and day of the week, rounded to the nearest half hour, was used in the calculation. To calculate a more accurate reduction factor for existing siphons in the future, it is recommended that the wastewater flow meters be installed and operating during the entire data collection process.
To size the air jumpers conservatively, a safety factor was included in the sizing calculation. A minimum safety factor of two was used. Due to the wide variation in RF values, some air jumpers would be oversized with the default RF of 0.5, and for these locations a maximum safety factor of five was selected. This was done to account for found sewer headspace conditions that may have been affected by secondary controls, such as headspace blockage downstream from the siphon area.
The following procedure was followed when adding a safety factor to air jumper sizing. Only three scenarios are possible. The RF is initially multiplied by the minimum safety factor of 2. If the product is greater than 0.5 go to CASE 1. If the product is less than 0.5, do not use that value. Instead, multiply the calculated RF by a safety factor of five and go to CASE 2.
• CASE 1: When the default RF value of 0.5 results in a safety factor less than two, the default value is not used. Instead, a safety factor of two is used and the resulting RF value will exceed 0.5. Siphon 22 is an example of this scenario.
• CASE 2: When the default RF value of 0.5 results in a safety factor greater than five, the default value is not used. Instead, a safety factor of five is used and the resulting RF value is less than 0.5. Siphon 17 is an example of this scenario.
• If CASE 1 or CASE 2 does not apply, use the default value of 0.5.
When calculated this way, the upper limit to the selected RF is 1.0. If a maximum calculated RF greater than 0.5 occurs, other variables besides wastewater velocity must be considered. Such a situation might occur in the vicinity of a large mechanical ventilation and odor control system, where the dominant forces for air flow are not frictional drag from wastewater. If this occurs, the proposed air jumper should be sized based on the flowrate of the mechanical ventilation system.
Calculate Maximum Air Flowrate. The air flowrate within the sewer pipe varies throughout the day with the daily diurnal fluctuations in wastewater flow. The highest potential air flowrate must be calculated in order to size the air jumpers. The typical geometry at the entrance and exit manhole of each siphon, as shown by Figure 1 , is used to illustrate the variables of the air and wastewater balance. The maximum air flowrate used to size the air jumper is calculated with the following equation: The maximum calculated reduction factor is multiplied by the wastewater velocity to get an average air velocity. This is then applied to the cross sectional area (headspace) in the sewer pipe that is over the wastewater to determine the maximum potential air flowrate. As explained and shown by example in TM1, the maximum air flowrate is predicted to occur at d/D = 0.3. This is true since the maximum product of headspace cross-sectional area and wastewater velocity occurs for any sewer at this value. Allowable Air Jumper Headloss. Pressure differentials were measured in the field at the upstream and downstream manhole of each siphon. The allowable headloss through the proposed air jumper is based on the pressure differential measured in the field while the existing air jumpers were blocked. The headloss across the proposed air jumper is calculated using the maximum air flow rate calculated in the previous section. The air jumper diameter is initially chosen with a headloss rate of 0.01 inches of water per 100 feet of air pipe per Figure 7 . The maximum pressure differential observed was 0.1 inches of water column. Since most sites have short air jumpers, they will have a total headloss much less than 0.1 inches of water column.
Pipe Diameter Selection
Once the maximum air flowrate is calculated, a maximum headloss criteria of 0.01 inches of water per 100 feet is selected in the nomograph to the left for preliminary air jumper sizing selection. The final air jumper size is selected to include the total headloss for the jumper, including the main duct and all minor losses, to result in a total headloss for the air jumper not more than 0.1 inches of water headloss. These headloss limitations are guidelines selected to keep headspace air pressure to a minimum on the upstream end of the recommended air jumper sizes.
CONCLUSIONS
The following siphon and air jumper conclusions are made:
• If the continuity of the sewer headspace is interrupted by an inverted siphon, then the sewer headspace pressurizes and releases malodorous air.
• There was a positive correlation between wastewater velocity and sewer headspace air flowrate in the open channel sewers upstream and downstream of the siphons. Field interpreted Reduction Factors (RF) in the range from 0.1 to 0.5 were derived from field measurements.
• Sewer headspace was typically under pressure upstream of the siphons in the range up to +0.1 inches of water column. Sewer headspace was typically under vacuum downstream of the siphons in the range down to -0.1 inches of water column.
RECOMMENDATIONS
A procedure for calculating the air flowrate for new siphon air jumpers is recommended by applying a 0.5 Reduction Factor for theoretical wastewater flowrate for a given sewer size and slope at d/D = 0.30. For existing siphons, the recommended airflow rate sizing should be field verified to result in a safety factor not less than 2:1 or greater than 5:1. Air jumpers should then be sized to carry the recommended air flowrate at a duct headloss not exceeding 0.01 inches water column per 100 feet of duct and with a total air jumper headloss not exceeding 0.1 inches water column including minor headloss.
2.5.2.6 Control of Ventilation, page 2-17. "During the past 10 years, there has been little published or gray literature related to the ventilation of municipal sewers. In fact, odor complaints are often acted upon by simply 'sealing' a portion of the sewer, such as sealing manhole cover pick-holes with tar or replacing the cover with one that does not have holes. This practice often leads to emissions of odorous gases at another location in the system."
2.7.3 Odor Control Technology -Research Agenda Items, page 2-22. This section discussed the importance of developing ventilation "models" to predict the emission of odorous gases from sewers. "...such models are ultimately limited by a lack of ability to predict natural ventilation rates." The proposed project would fund academic researchers to study this problem. SIPHONS Appendix D, page D9-11. "In general, at least two pipes shall be used in a siphon so that self-cleaning velocities occur over the full range of flow conditions." For the smallest barrel, design for a velocity of 4 to 6 fps at minimum flow. Calculate
